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FEASIBILITY STUDY OF HEAVY OIL RECOVERY IN THE
APPALACHIAN, BLACK WARRIOR, ILLINOIS, AND MICHIGAN BASINS

By D. K. Olsen, V. Rawn-Schatzinger, and E. B. Ramzel

ABSTRACT

This report is one of a series of publications assessing the feasibility of increasing domestic
heavy oil production. Each report covers select areas of the United States. The Appalachian,
Black Warrior, Illinois, and Michigan basins cover most of the depositional basins in the Midwest
and Eastern United States. These basins produce sweet, paraffinic light oil and are considered
minor heavy oil (10° to 20° API gravity or 100 to 10,000 cP viscosity) producers. Heavy oil
occurs in both carbonate and sandstone reservoirs of Paleozoic Age along the perimeters of the
basins in the same sediments where light oil occurs. The oil is heavy because escape of light ends,
water washing of the oil, and biodegradation of the oil have occurred over millions of years. The
Appalachian, Black Warrior, Illinois, and Michigan basins' heavy oil fields have produced some
450,000 bbl of heavy oil of an estimated 14,000,000 bbl originally in place.

The basins have been long-term, major light-oil-producing areas and are served by an
extensive pipeline network connected to refineries designed to process light sweet and with few
exceptions limited volumes of sour or heavy crude oils. Since the light oil is principally paraffinic,
it commands a higher price than the asphaltic heavy crude oils of California. The heavy oil that is
refined in the Midwest and Eastern U.S. is imported and refined at select refineries. Imports of
crude of all grades accounts for 37 to >95% of the oil refined in these areas.

Because of the nature of the resource, the Appalachian, Black Warrior, Illinois and Michigan
basins are not expected to become major heavy oil producing areas. The crude oil collection
system will continue to degrade as light oil production declines. Smaller refineries will close due
to lack of local, sweet light oil, economies of scale and environmental constraints on operations
and product quality. Major refineries will refine increasing volumes of imported higher sulfur,
lower gravity crude oil from Canada and Venezuela. Select East Coast refineries will process
increasing volumes of light Mideast crude. The demand for crude oil will increase pipeline and
tanker transport of imported crude to select large refineries to meet the areas' liquid fuels needs.

EXECUTIVE SUMMARY
This report is one of a series of publications assessing the feasibility of increasing domestic
heavy oil production. Each report covers select areas of the United States. The Appalachian,
Black Warrior, Illinois, and Michigan basins discussed in this report were formed adjacent to the
rising Appalachian Orogeny. These basins were part of a massive basin covered by a large sea that



extended between the Appalachian Uplift and the Cratonic Shield of Canada. Sediments of
Paleozoic Age (>300 million years ago) originated from the erosion of these two highlands to form
the clastic components, sandstones, and shales. Shallow marine deposition formed the carbonates,
limestones, dolomites, and evaporites. The rise of the Cincinnati Arch, Finlay Arch, Kankakee
Arch, Nashville Dome, and Wisconsin Dome in the middle Paleozoic separated the single basin
into their present basins. Over millions of years, the unconsolidated sediments have become
cemented. Most of the formations in the basins are composed of low-permeability, low-porosity
consolidated rock. Oil and gas in the Appalachian, Black Warrior, Illinois and Michigan basins are
found in Ordovician through younger age rock including Silurian, Devonian, Mississippian, and
Pennsylvanian. Most of the oils within these basins are sweet paraffinic with high API gravity.
Minor amounts of heavy oil have been discovered in four fields in the Michigan Basin (East Detroit
Field, Henson Springs Field, McCracken Mountain Field, and Sand Springs Field) and two fields
in the Mlinois Basin (Carlinville North and Omaha).

The basins have an extensive infrastructure supporting local, aging, rapidly declining
primary, and waterflood light oil production. The Appalachian, Black Warrior, Illinois and
Michigan basins produce small volumes of heavy oil (10° to 20° API gravity or 100 to 10,000 cP)
from consolidated reservoir rocks of Paleozoic Age. With cumulative heavy oil production of
450,000 bbl of an estimated 14,000,000 bbl originally in place, the Appalachian, Black Warrior,
Illinois, and Michigan basins are very minor heavy oil producing areas. Because of the mature
state of exploration and production in these basins. However, discovery of small heavy oil
deposits are possible. The discovery of new, large heavy oil resources is unlikely. Significant oil
production by thermal recovery is unlikely because most of the reservoirs are carbonates.
Horizontal wells and infield wells are not expected to be drilled to recover heavy oil resources in
the Appalachian, Black Warrior, Illinois, and Michigan basins because of the small cumulative
production.

The Appalachian, Black Warrior, Illinois, and Michigan basins have been major sweet, light
oil producers with an extensive network of light oil collection and transportation lines going to
small predominantly light, sweet oil refineries. The heavy oil that is refined in the Midwest and
Eastern U.S. is imported and refined at select refineries. Imports of all grades of crude oil account
for 37% into the Midwest and > 95% into the East Coast. The crude oil collection system will
continue to degrade as light oil production declines and smaller refineries close due to lack of local,
sweet, light oil and economies of scale. Select major refineries in the area will refine increasing
volumes of imported higher sulfur, lower gravity crude oil from Canada, and Venezuela to meet
the regions' liquid fuels needs Select East Coast refineries will process increasing volumes of light
Mideast crude. The demand for crude oil will increase pipeline and tanker transport of imported
crude to select large refineries.



The potential environmental problems from implementation of limited thermal enhanced oil
recovery (TEOR) processes are minimal because of the anticipated very low heavy oil production
and the nature of the resource. Limited local development in these consolidated reservoirs may be
attempted if the price of heavy oil were to increase significantly. A significant volume of low pour
point paraffinic oil is known to exist in these basins. These reservoirs have not been included
because of lack of viscosity and reservoir data, thus an outline of their geology is presented in the
form of structure maps and stratigraphic columns along with references which can be used in
future studies to determine the magnitude of the resource and constraints to oil production.

OBJECTIVE OF THE STUDY AND STRUCTURE OF REPORT

The objectives of this feasibility study and report are (1) to investigate from secondary data
the heavy oil resources in the Appalachian, Black Warrior, Illinois and Michigan basins of the
Midwest and Eastern United States; (2) to screen this resource for potential enhanced oil recovery
applications; and (3) to evaluate various economic facets that may impact the development of this
resource. If the study determines that expansion of production of heavy oil is economically
possible with recent advances in technology, recommendations will be made to facilitate the
production of this resource.

As one of a series of reports on the feasibility of heavy oil recovery in the U. S., this study
analyzed the geologic settings of the Appalachian, Black Warrior, Illinois, and Michigan basins
heavy oil fields and found very limited heavy oil resources. This review of secondary publicly
available data attempts to list the constraints to heavy oil production, the transportation network,
refining capabilities, environmental restrictions, and economic considerations that impact heavy oil
development. NIPER's analysis of the secondary field data is included in Table A-1.

Heavy oil is defined as having gas-free viscosity of > 100 and < 10,000 MPas (centipoise,
cP) inclusive at original reservoir temperature or a density of 943 kg/m3 (20° API gravity) to 1,000
kg/m3 (10° API gravity) inclusive at 15.6° C (60° F) (Group, 1981). These Eastern U.S. basins
contain a large volume of paraffinic oil in old fields which are pressure depleted and whose light
ends have been vented. Very little data was found on reservoirs with paraffinic low pour point oil
because of data bases rarely include oil viscosity. Therefore, the number of reservoirs that could
qualify as heavy oil may be significantly larger than reported herein. Several of the paraffinic low
pour point reservoirs, both clastic and carbonate, would be amenable to thermal oil recovery but
have not been included because of lack of published public data.



BACKGROUND AND DISCUSSION

The major U.S. petroleum basins are shown in Fig. 1. The Appalachian, Black Warrior,
Illinois, and Michigan basins are the major sedimentary basins in the Eastern United States,
exclusive of the Gulf Coast. The geographic extent of these basins and their relationship to the
structural features and igneous and metamorphic rocks of the Eastern Unites States are shown in
Fig. 2. Deposition in these sedimentary basins is primarily shallow marine and fluvial-deltaic
clastics eroded from the rising mountain chains of the Appalachian Highlands. The uplift of the
Cincinnati Arch in the late Ordovician was a major factor in separating these sedimentary basins
into individual basins.

Appalachian Basin

The Appalachian Basin is the largest basin in the United States (Figs. 1 and 2) and extends
south from central New York to include the western two-thirds of Pennsylvania, eastern Ohio,
most of West Virginia, eastern Kentucky, part of western Virginia, and north-central Tennessee
(Landes, 1970; Bayer, 1982). The Appalachian Basin is bound on the east and south by the
Appalachian Highlands. It is bound on the north by the Adirondack Uplift and on the west by the
Cincinnati Arch (Fig. 2) (Landes, 1970; Ingham, 1971). Oil and gas production has been from the
Paleozoic Age rocks forming the northeast to southwest trending basin (Landes, 1970; Patchen, et
al., 1989). Extensive fault zones along the Blue Ridge, Allegheny Front, and Brevard Fault
uplifted the Appalachian Mountain chain (Figs. 3 and 4) (Bayer, 1982; DeWitt and Milici, 1989).
Paleozoic sediments formed the broad, deep Appalachian Basin west of the mountains. The
thickness of Paleozoic strata ranges from 1,800 ft to 3,000 ft on the western flank of the basin
against the Cincinnati Arch to 40,000 ft thick in central Pennsylvania (DeWitt and Milici, 1989).

Stratigraphic columns for the Paleozoic rocks of the Appalachian Basin show the relationship
of widespread limestone and sandstone intervals in the northern Appalachian Basin (Figs. 5, 6,
and 7) and in the central and southern part of the basin (Figs. 8, 9, 10, and 11). Some of these
units can be correlated across most of the Appalachian Basin. The Middle Ordovician Black River
and Trenton limestones are the most continuous marker intervals in the Appalachian Basin (Figs.
6, 7, and 10, and 11) (Ryder, 1988; Landes, 1970). The Black River and Trenton Formations of
Ohio, Pennsylvania, West Virginia, Virginia, and New York correlate with the High Bridge and
Lexington limestones of Kentucky and the Stones River and Nashville Groups of Tennessee (Figs.
8 and 9) (Ryder, 1988; Landes, 1970).

Deeper Paleozoic rocks of Cambrian and Ordovician Age produce small quantities of
hydrocarbons in the Appalachian Basin. The Trenton and Black River Ordovician limestones and
their equivalents are the oldest producing units in the Appalachian Basin (Figs. 5 through 11). Oil
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is also produced from the Upper Ordovician Moccasin limestone in Virginia (Landes, 1970). The
Middle and Upper Ordovician strata have a combined thickness of over 5, 500 ft in Pennsylvania,
West Virginia, and Virginia (Ryder, 1988).

In the more northern portion of the Appalachian Basin, oil production is primarily from
Devonian Age strata (Figs. 5, 6, 7, and 10) in New York, Pennsylvania, and less so in Ohio and
West Virginia. New York is a minor producer of oil, whereas Pennsylvania still ranks high in
production of high-quality, light, paraffinic oil from Upper Devonian, Mississippian, and
Pennsylvania rocks (Patchen, et al., 1989; Landes, 1970).

More productive intervals are found in the southern Appalachian Basin from various age
Paleozoic strata. Wells in eastern Ohio produce from Ordovician limestones, Silurian shales and
dolomites, shallow Mississippian sands (Brea Formation) and Pennsylvanian sands (Cow Run
Formation) (Patchen, et al., 1989). Production in West Virginia has been from Upper Devonian
sands, Mississippian sands and limestones, and Pennsylvanian sands. The main oil producing
formations in West Virginia are the Greenbrier limestones (Fig. 12) and the Cow Run and Dunkard
sandstones (Patchen, et al., 1989; Landes, 1970). In Virginia, oil is produced from Ordovician
Trenton and Moccasin limestones, and gas from Devonian and Mississippian strata (Patchen, et
al., 1989; Landes, 1970). Eastern Kentucky produces oil from Silurian Niagaran shales, Silurian
and Devonian dolomites, Mississippian (Greenbrier) limestones, and Pennsylvanian sandstones
(Lee and Breathit Formations, Fig. 12) (DeWitt and Milici, 1989; Landes, 1970).

Figure 3 shows the major oil and gas producing strata of the Appalachian Basin as they relate
to the structure of the thrust belt forming the Appalachian Mountain chain (DeWitt and Milici,
1989). Structural developments in the central part of the Appalachian Basin occurred during Upper
Mississippian and Pennsylvanian periods, as shown in Fig. 12 (Rice and Schwietering, 1988).
During this period, the Cincinnati Arch was emergent, and Greenbrier limestones gave way to
sandstones and conglomerates (Fig. 10) (Rice and Schwietering, 1988; DeWitt and Milici, 1989).

Tennessee produces only minor amounts of oil compared to the other Appalachian Basin
states (Landes, 1970). The producing counties of Tennessee are in the north-central part of the
state near the Kentucky border and are in the portion of the southern end of the Appalachian Basin
between the Cincinnati Arch and the Nashville Dome of the Appalachian Highlands (Fig. 2)
(Landes, 1970). ‘

The abundant oil produced in the Appalachian basin falls in the category of light oil. The
U.S. Geological Survey does not list any heavy oil fields in New York, Pennsylvania, Ohio, West
Virginia, Virginia, Kentucky, or Tennessee (Crysdale and Schenk, 1990). Kentucky has deposits
of tar with specific gravities below 10° API (McGrain and Ponsetto, 1981). These deposits are
not associated with any measurable amounts of heavy oil in the 10° to 20° API range. However,
the Appalachian basin contains significant low pour point paraffinic oil whose resource volume has
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not been determined because oil viscosity data is not continually compiled. Records for states in
this area are not as extensive and production is often listed only by county, not field or reservoir.

Black Warrior Basin

The Black Warrior Basin's oil and gas fields of Alabama and Mississippi produce from rocks
of Ordovician, Devonian, Mississippian, and Pennsylvanian Ages (Figs. 13 through 15). The
Carter Sandstone of the Parkwood Formation of Mississippian Age is the most prolific producer.
The Lewis Limestone in the Floyd Shale of lower Mississippian Age and the Millerella sandstone
and limestone and Gilmer sandstone of the Upper Parkwood Formation are also good producing
intervals (Epsman, 1987).

The stratigraphic column (Fig. 15) for the Black Warrior basin pinpoints the intervals of
major production (Epsman, 1987). The Pennsylvanian sandstones are widely distributed, but
much less productive. Potential for hydrocarbon reservoirs exists in the deeper part of the basin
where Pennsylvanian sandstones reach thicknesses of over 5,000 ft. (Epsman, 1987). Carbonate
reservoirs within the Black Warrior basin produce some hydrocarbons from Bangor and
Tuscumbia limestones of the Upper Mississippian. Devonian rocks have potential as hydrocarbon
reservoirs, but they have not been tested sufficiently. Most wells in the Black Warrior Basin do
not go deep enough to penetrate the Devonian sediments (Epsman, 1987). A single Middle
Ordovician Age reservoir produces in the Fairview Field from the Stones River Group of
limestones and dolomites.

The Black Warrior basin is a homocline extending beneath the Appalachian-Ouachita
structure (Beardsen, 1985; Epsman, 1987). Figure 16 shows the complex faulting in the Black
Warrior Basin in Alabama (Epsman, 1987). The trapping mechanism in this structural basin
(Fig. 16) is a series of northwest-southeast oriented fault systems (Beardsen, 1985; Epsman,
1987). A gently plunging anticline gives a secondary structural feature to aid in trapping (Epsman,
1987). These structural traps, combined with stratigraphic features of updip pinchout of sand
porosity, account for 46.9% of the reservoirs in the Black Warrior Basin (Epsman, 1987).
Stratigraphic traps of depositional and diagenetic porosity pinchouts account for 40.6% of the traps
(Epsman, 1987). Only 12.5% of the traps are strictly structural in nature (Epsman, 1987).

In Mississippi, the Black Warrior basin occupies the northern part of the Mississippi
Embayment (Fig. 14A) (Landes, 1970). Paleozoic hydrocarbon producing formations lie within
6,000 ft of the surface (Landes, 1970). The surface sediments are Cretaceous in age. The Central
Mississippian Salt Basin is far more productive than the portion of the Black Warrior Basin in
Mississippi (Landes, 1970). Production in the Black Warrior Basin is predominantly from
Mississippian Age sandstones equivalent to those in Alabama (Landes, 1970; Epsman, 1987).

18



T : T T 1
q cesere | ;1'..'°:J" L, sicom l ° '\”“"“" UsesTONE
| ! : . e g -
Va7 wansmawy D rieman L'f"'_"'i"l ; ~ A
ca - Tarte . : | £ corsear \
N . L L e PRENTISS l : N
.—‘T—_ N ~ - f CAWRENCE

s+ b +

usion

WINSTON Cutrman

YALOBUSHA .
TALLAMATCHIE : . .
CALMOUN . CMiCKABAW !

AT - =
N GRENADA < .., ¢ 7
. N CLAY '_..__;1/'

BOLIVAR

« | weasrem

- P

I - : ————
= . " oxTiesEna

§ cHotTAw towsoes

e e+ - e

NOXUBEES

OBASIN INTRUSIVE SALT DOMES

EXPLORATORY DRILLING

© naLe
[t ‘ Y TITY ,
o v, - J £,
. ‘,\ . MADISON gz_/"j % : rERRY
e7 T / ! -1 : ) : ' . " sumren :
. T - e / B i + o .
[ - 7‘. 7r ? N
> '..“f'!" :-" , —”-"';;, [ DArias -i
» - 27 nawen * ‘manemao ’ N
. - : -
R ninos r . ’ R
A - cHocTaw N
e - saseEn, - . A
CLasoRNE N . - N - .
- ' s » ‘ "’i - ~ . - = ™ wiLCcox o
Ty coruam C’ . snn'so- *r > é;——‘—.'r /”3 :'.,_ -
. . T ——
’~'Ng’:' ‘_.—0——*-:\"{—7;'\,‘\" . _
. T R—. L. L covingTOom 18 R o cLanne .
o— e ‘Q H \ ao-n ¢ wavee . /
chou b4 . .
. , O;,, J"!"é'. . . 4 . -:.:. 1 ol ( wonnoE o
vi .
. - i -.: M P L T ;-.1‘_—. M WASHINGTON Z CO.‘CU"
=7 N -V °
. LIS P . AL . - - .57
RSN ] sLMamMONC  luae % 7'° 3 <
.:-':leson : f ixE ; ._'. E "...' GREENE | .3 ! ( Escameia -
. A of wALTHALL L 4 . B 2 ‘ Lo ‘ﬁ\
- N g Ps I
"‘--.\.\ . ' \ s 13 < .‘r
b
T . ¢ - 1 I ] \
N.s'\ PEARL RiVEM stone Egi.__-- N
. !

-
""“. . o——

-~ .

bl "t n.umson
I JACKSON

WiGGIng! =<2 -

MANCOCK

é\.sununos/.: 14
TN —

MISSISSIPPI
&
WESTERN ALABAMA

TEE SR ZF wE=z

STATUTE  wnfES

1988

FIGURE 13. - Black Warrior Basin of Alabama and Mississippi showing oil and gas fields as of 1988.
After Halvatzis, 1989.

19



"OL61 ‘sopue] I3V  -swieqeEly ‘gpl

s ddississin ‘vl

‘§3AN)EIJ [BINYINIIS —ﬂ—nc—wwh Y3 w—-—bae‘—m ujseqg JolIIBAA YOI YY) JO m&ﬂz « I AUANOIA

08t 00t 0% )

Y D3Iy 30" 3

A Vﬂ. A

—2Moht 05 2 )

Yaiuod v

SHJ
NI

1ddISSISSIW

NVIdEW
P

e s

<98 335SINN3L of8

N

»

D

Y 1
D Do
e
HONY ALNNOD) uoﬁyl
e
-4
A

{Houv guib
i

|
4
i

1

i -

i N1 mk YOITHUVM %
..ﬁu -
T e
e e g

Sl

L

20



o=
T W GEOLOGIC
= > | SERIES LITHOLOGY
D=
Elw EXPLANATION
< é e, uistons. saecntone: com
s a5 Foaritone. a4 snd Thin shate back, @ M6 10 LITHON and sau
b4 < SHAMIONe, HOE-EEned. wih meck SN0 CON HagTEn, e
< s hate buds 81 iamenan. raCHS 10 SO snd shale
Shate o witsrone saretsione
> O - R E T e e
- LOWER M- | “Favette sandrtone ik DS 2 tarmiee_oraoes 10 WSO w0
>. - Shait anG BHTIIONE, WAONONE, Shal. TR 10 Yaty (RICh DROS.
- conglomarate sn part. cosi
4 2 S e e s T S
- 3’ iamenas, gracwt 10 witatone and shaie
p-s = Sancuione, Gre-graned. QUIFtZow, with T shake Date na
w ° Iamanae, granes 10 sitstone anc suae
o O - Chandier sandstome Sanchtone fmegraned Quarzose
b ambram. > o 2
z “Couts sandstone”’ Sancetone fine (0 MaGuam g ained, Guaet2ome
g “Gilmer sanastone SHOSIONE. 1M 1O MK MG, QUariIone
<
3 Shate, weih thin Deds oF sancetone
~
9 “Millereita imestone” L.1..] LUMSIONE, MICTOCTYSLNING 10 T Cryitaue
8 ““Mitlerella sanastone” | Senchtone, fuve-grasned, cacarneous
Shaie
Z g “Carter one" SunaEtone. fi- (D PMGRAMQIMNeE. GUHIINW. W DAL B
snan taceonns
< | uPPER |X S 3
o. : “Sanders snctone SANOIONE Tine 10 Madumgrained Guartiom mene
O. Shaie
— [T
w BANGOR Limesione. Sryataiki 10 mecsocryalive, 10me oonte, forss Eo
[} LIMESTONE i — SETES
W1 HARTSELLE Sencuone. KerY 11 10 MKRET M T 10 very theck
Lurwstone
w < i SANDSTONE SR MONMITIC 1 part, i1aIOne and e mtertads
— T v )
ols B Evan sandyione” SHOMONE, 10 10 AT 4 dorek. st 2Te :
— -
o - alx . Coirtic
O 6 U “Lewrs umestone” o TF| Lamemtone. mucrocrysaes, e thn s sntwpss id
N - - o SAGRORE, VALY - 40 Tinmgr Ssers, CACErOOMS, ATV W)
O e o Lew sancstone - *! R ‘A‘ “
TUSCUMBIA 9 & LIMastOne. 1% CrYsLItin® 10 MeTOOrYataorne. with Thon shaie AL
ud LIMESTONE bbbl Orert
——t v
! [
< LOWER | romsaw ot e v e < ot e
[~ 9 CHATTANDOGA Shele. with DROWINELLC WCIUOM 20 Ovrile. gerer aity thin @

SHALE and wewvresc v

Lemwstone. funavy Crestative CheTty gastonic @

ui D
CHERTY
LIMESTONE v j Doiomere

I=*1
Fearar
Doom.ic

UNDIFFERENTIATED Bo g LAmatone agrHacrous 1 DAY with sl st ORon Lemesione

s VL Os
b AD
A A<ad
v. v/

T P

UPPER & Limmione  wpiiaceoun. ooowonatic oy wengy i
UNDIFFERENTIATED BIEONE 810 VY bl Or ened. CHCMEOUS LIADVIONE A ot el

MIDDLE Py =i

be 7 e 7 - 2 ¥ o .
STONES £ 31
X

MIDDLE AIVER T

GROUP

Limentone. 16 crvstaine racsity oontic, wim
Dokomt
uemesione o cers .

i

LOWER .
KNOX DRORImTE 30 SOHMMIR HTWHIONE. CTTY 12 DAFT. with firee 10 greous
GROUP S| cvacmem, ek scuncu a0 1180 utets 1nG rew 100

UPPER « o o

KETONA

M'DDLE DOLOMITE o DIoMorrets. DU TROW SO 10 Hive erysLatve # OimoGe
CONASAUGA - LUmestons. 3u0h TROGEORKE 10 wery Hiruety Crvstalivg anc wu.

FORMATION e CTOMC. AAGHECEONS 111 DANL, W Shate s IEYORCS

LOWER |  sonot,, [ore=

T Shale and WTIONS: NONONE. wiry fne 0 hregrmnen
oo OROIOASUC M) Phauconite

CAMBRIAN|ORDOVICIAN[SILURIAN[DEVONIAN
|

BASEMENT
COMPLEX

PRECAMBRIAN

FIGURE 15. - Stratigraphic column of the Black Warrior Basin showing ofl and gas producing areas. After
Epsman, 1987.

21



R 10W

R 12w

R 15W

owing the complicated

Alabama portion of the Black Warrior Basin sh

fault system which traps ofl and gas. After Epsman, 1987.

FIGURE 16. - A structure map of the

22



Drilling for oil and gas in the Black Warrior Basin began in 1909 (Masingill, 1989). Gas
wells predominated in the early years. In 1970, new drilling encountered the Carter Sand of
Mississippian Age (Masingill, 1989). Oil produced from the Carter Sand led to further exploration
in the 1970s and 1980s. Production from depths of 1,300 to 2,500 ft was mainly from the Upper
Mississippian units of the Parkwood Formation (Masingill, 1989). Exploration in the 1980s has
centered around coal degasification projects which have been highly productive (Masingill, 1989).

In the 1980s, extensive tests were drilled in the Black Warrior Basin (Halvatzis, 1985,
1989). The Paleozoic sediments of the Black Warrior Basin accounted for 34% of all exploratory
tests in the southeastern states in 1988 (Halvatzis, 1989). Limestones intervals at 6,000 ft or
less were the principal targets (Halvatzis, 1989). Figure 13 shows the extent of fields in the Black
Warrior Basin as of 1988 (Halvatzis, 1989). Specific gravities for fields in the Black Warrior
Basin, as reported by Alabama Geological Survey, range from 29° to 44° API (Epsman, 1987).

Oil from the Black Warrior Basin is primarily light oil. The U.S.G.S. list of major heavy oil
fields (Crysdale and Schenk, 1990) does not list any fields in the Black Warrior Basin as having
crude oils with gravities of 20° API or below. Heavy oil in the range of 12° to 20° API is produced
from the Mid-Gulf Coast Basin in Mississippi and Alabama (Crysdale and Schenk, 1990). Heavy
oil production is from intervals in the Cretaceous and Tertiary in Mississippi and Alabama
(Crysdale and Schenk, 1990; Landes, 1970). Lighter oils are produced in the Black Warrior
Basin, predominantly from Paleozoic sediments (Masingill, 1989; Epsman, 1987).

In the late 1980s, five minor heavy oil deposits were discovered in the Black Warrior Basin
(Mississippi, 1989; Masingill, 1988). Amory Field is a gas production area and the heavy oil was
found in association with gas. Paraffinic Alabama fields—East Detroit and Henson Springs in
Lamar County, and Sand Springs in Fayette County—have tested heavy oil from the Carter
sandstone (Masingill, 1988). McCracken Mountain Field in Fayette County, Alabama, has tested
heavy oil from the Millerella sandstone (Masingill, 1988). Future exploration in these areas may
lead to new discoveries of heavy oil in the Black Warrior Basin, although major deposits are
unlikely.

Hlinois Basin
The Illinois Basin is a regional downwarp covering most of Illinois, parts of western
Indiana, and northwestern Kentucky (Figs. 2 and 17). It is one of the largest intercratonic basins
in the U.S. (Leighton and Kolata, 1991). A cross section of the Paleozoic sediments forming the
Illinois Basin is shown in Fig. 18. The Paleozoic units (Fig. 19) range from 2,000 ft deep on the
margins of the basins to over 13,000 ft deep in the center of the basin (Landes, 1970). The
deepest part of the basin is at the junction of the Wabash and Ohio Rivers (Landes, 1970).
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The Illinois Basin is highly productive from Mississippian and Pennsylvanian Age sediments
(Bally, 1980). During the Kaskaskia Sequence (Upper Ordovician through Mississippian), the
Illinois Basin received tidal influences, whereas the Michigan Basin, to the northwest, was isolated
(Leighton and Kolata, 1991; Oltz, 1991). During the Absaroka Sequence (Pennsylvania and
Lower Permian), rapid accumulation of deltaic sediments occurred at the continental edge margins
(Oltz,1991). Deposition within the Illinois Basin was shallow water deposits of multiple thin pay
units (Oltz, 1991; Leighton and Kolata, 1991). The rate of marine deposition within the basin was
two-thirds inch per thousand years (Swann, 1968; Landes, 1970). Figures 17 and 18 emphasize
the shallow, gently dipping structure of the Illinois Basin. The La Salle anticline and related
structural features began to form in the late Mississippian (Landes, 1970). Faults in the western
linois Basin are shown in Fig. 20. The downwarping of the basin increased during the
glaciations of the Pleistocene (Landes, 1970). Oil production is from the southern part of the
Hlinois Basin. Stratigraphic intervals which are productive from the Upper Ordovician to the
Upper Pennsylvanian are shown in Fig. 19 (Swann, 1968; Landes, 1970).

Most oil produced from the Illinois basin is light, sweet, paraffinic oil. Two fields,
Carlinville North and Omaha, in southern Illinois produce heavy oil of 19° API and 20° API from
Pennsylvanian sediments (Crysdale and Schenk, 1990). Carlinville North produces from the
Pottsville, a consolidated sandy conglomerate with average porosity of 18%, average permeability
of 100 mD, and a net pay zone of 10 ft (Crysdale and Schenk, 1990). Omaha Field produces
heavy oil from an unnamed Pennsylvanian consolidated sandstone stratigraphically somewhat
above the Pottsville. The net pay thickness is 10 ft with an average porosity of 19% and average
permeability of 100 mD. Production of heavy oil (19° API) from Omaha Field has been less than
10,000 bbl (Howard, 1991).

In the early to mid 1980s, exploratory drilling on the eastern margin of the Illinois Basin in
Indiana and Kentucky was expanded (Gilbert, et al., 1985). These wells produce mainly light oils
(Gilbert et al., 1985). Most production was from the Mississippian Age Harrodsburg, Aux Vases,
Cypress and Saint Genevieve Formations in Indiana and from the Mississippian Aux Vases and
Big Lime and Devonian Clear Creek Formations in Kentucky (Gilbert et al., 1985; Oltz, 1991).
Production from the Big Lime Formation in Kentucky was gas (Gilbert et al., 1985).

Michigan Basin
The Michigan Basin is one of several intercratonic basins found in the northern United
States (Leighton and Kolata, 1991). Illinois and Williston basins (North and South Dakota and
Canada) are comparable in size and depositional characteristics. Geographically, the Michigan
basin occupies the entire upper peninsula of Michigan, eastern Wisconsin, and corners of northern
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Illinois and Indiana and extends into Lake Superior and southern Ontario and Lake Huron
(Fig. 21) (Cohee and Landes, 1958; Landes, 1970). Structurally, the circular basin is bounded on
the north by Precambrian crystalline basement rocks (Fig. 22) (Landes, 1970), on the west by the
Wisconsin Arch, on the south by the Kankakee Arch, and by the Finlay Arch on the east (Cohee
and Lanes, 1958) (Fig. 21). Stratigraphically, hydrocarbons are found in Paleozoic rocks from
Ordovician to Pennsylvanian Age with 95% of the oil produced from Devonian Age rocks (Cohee
and Landes, 1958).

Oil is found in older Ordovician rocks of the Black River and Trenton limestones (Fig. 23).
This area of southern Michigan and Ontario produces oil and gas from crystalline limestones and
dolomites (Cohee and Landes, 1958).

Drilling in the Michigan Basin from 1968 to 1987 was dominated by exploration and
development of Middle Silurian Niagaran reefs. These wells produced predominantly light oil
from 30° to 60° API (Bricker and Henderson, 1985). Secondary targets were mainly in Devonian
Detroit River sour zone and Richfield zone (Fig. 23) (Bricker and Henderson, 1985).

Silurian Age rocks produce the only heavy oil found in the Michigan Basin (Crysdale and
Schenk, 1990). The Salina Formation produces some heavy oil from four fields in southern
Michigan: Dorr and Hopkins West fields in Allegan County, Pennfield Field in Calhoun County
and Zeeland Field in Ottawa County (Crysdale and Schenk, 1990). Lithologically, the heavy oil is
produced from dolomites and has a gravity of 17° to 20° API. To date, Dorr Field has produced
over 350,000 bbl of heavy oil. The net pay zones in Dorr, Hopkins West, and Zeeland fields
average only 5 to 7 ft thick, and in Pennfield, 113 ft thick (Crysdale and Schenk, 1990). The
fields presently worked are small, but there is the potential for more heavy oil discoveries in
Silurian Age dolomites.

Hydrocarboixs in the Michigan Basin are concentrated in the limestones and dolomites of
Middle Devonian Age in the central part of the basin (Cohee and Landes, 1958). The Detroit
River Group of Middle Devonian Age produces light oils from evaporite rocks in the center of the
Michigan Basin at depths of 1,000 to 2,000 ft (Cohee and Landes, 1958). Pay zones in the
dolomitic Lucas Formation of the Detroit River Group (Fig. 23) range from 100 to 200 ft thick
(Landes, 1970; Cohee and Landes, 1958).

In 1988, the exploration and development on the Michigan Basin shifted to Devonian Antrim
shale and Ordovician Prairie du Chien dolomites (Briker and Henderson, 1989). The wells drilled
in the Prairie du Chien were classed as gas plays (Bricker and Henderson, 1989). The Silurian
Niagaran reefs bordering the northern portion of the Michigan Basin are seen as the area for
development in the 1990s. Oil gravity in the Niagaran and Prairie du Chien Formations ranges
from low 60° to mid-70° API (Brinker and Henderson, 1989).
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Shallow wells in Mississippi Age Brea sandstones and Pennsylvania Age Parna sandstones
have produced some light oils and gas, but these are not highly productive areas in the Michigan
Basin (Cohee and Landes, 1958). Any future exploration for heavy oils in the Michigan Basin will
concentrate on the Silurian Age rocks on the southwestern edge of the basin. Discovery of heavy
oils to date does not suggest any major deposits in the Michigan Basin.

CONSTRAINTS

Heavy oil is successfully being produced by cyclic steam, steamflood and in situ combustion
from principally unconsolidated or friable reservoirs in California, Canada, Indonesia, and
Venezuela. In the United States, TEOR is the largest enhanced oil producing technology
contributing 69% or 454,000 BOPD of the 656,700 BOPD total U.S. EOR production (Moritis,
1990). The consolidated nature of the heavy oil-bearing formations in the Appalachian, Black
Warrior, Illinois, and Michigan Basins limits economic production because of the low porosity and
permeability as well as the thin pay zones. The oils in these basins are principally paraffinic,
unlike the asphaltic California heavy crudes, and thus command a higher price than asphaltic oils of
the same gravity.

Refining and Transportation

The crude oil transportation network in the Appalachian, Black Warrior, Illinois, and
Michigan Basins are dominated by collection lines for paraffinic light oil and by major interstate
lines carrying crude oil to major refineries (Fig. 24). In states surrounding and within these
basins, a significant volume of imported oil is refined. The Petroleum Administration for Defense
Districts, PADDs, are shown in Fig. 25. The East Coast, which now relies 95% on imported
crude oils, has the second heaviest, high-sulfur stream of U.S. refining regions (Figs. 26-27,
Olsen and Ramzel, refining, 1991). Only California in PADD 5 refines heavier, higher sulfur
crude oil. The refineries at Minneapolis and St. Paul, Minnesota rely heavily on Canadian crude
oils, and although much of it is imported as 20° to 25° API gravity, the composition is a light
diluent and heavy oil or bitumen or upgraded bitumen. The refineries near Chicago import not
only heavy crudes (with diluent added) from Canada, but also heavy crude from Venezuela and
other countries. Major heavy oil refineries include the Amoco oil refinery in Whiting, Indiana; the
Chevron refinery in Pert Amboy, New Jersey; and the Star Enterprise refinery in Delaware City,
Delaware. These refineries process significant volumes of heavy oil and large volumes of 20° to
25° API gravity imported crudes (American Petroleum Institute, monthly crude oil and petroleum
products listing, 1991). The Midwest has the second lightest, low sulfur throughput at present,
but it is moving steadily toward heavier, higher sulfur feeds. This region imported 37% of its oil
in 1990, versus only 20% 10 years ago (Benedict, 1991)
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The basins contain extensive infrastructures to support primary production and aging, rapidly
declining waterfloods to recover light oil. The light oil in these basins has become more sour due
to waterflooding that has supported this region for the past 40 years. Most of the refineries in
these basins are designed to process light crude oils, and addition of heavy oil would significantly
impact operation since they have limited capability to process heavy ends (Thrash, 1990: Thrash,
1991). Only those large, essentially dedicated refineries currently processing foreign heavier crude
oil or those with large coking capacity would be available to process any domestic heavy oil should
it become available from other areas. A separate heavy oil gathering system with heated pipelines
to transport oil to suitable refineries would require much larger production and better refining
economics to be justified, and this is not anticipated.

Environmental

The Appalachian, Black Warrior, Illinois, and Michigan Basins typify the U.S. oil patch. Qil
is a major industry only in specific communities. Increasing awareness of the environment is
becoming incorporated into the petroleum industry's mode of doing business. Since the level of
anticipated thermal oil recovery operations to produce heavy oil will be minimal for the near future,
water and air quality will not be significantly impacted. As the 1990 Clean Air Act mandates
cleaner gasoline and diesel fuels, refineries in the North East will have a significantly harder time to
transform both domestic and imported crudes into cleaner fuels. The trend of feed to these
refineries has been towards higher sulfur and lower API gravity crudes (Olsen and Ramzel, 1991).

Economics of Thermal Heavy Oil Production

The economics of heavy oil recovery in the Appalachian, Black Warrior, Illinois and
Michigan Basins was not analyzed because of the small resource. The 1990 costs of thermal
operations are reprinted as obtained from the assessed evaluation of thermal (steam) operations in
Kern County, California (Maples, 1990, Table 1, the cost of drilling and completing thermal wells,
and Table 2, yearly operating cost). Operators produce heavy oil on primary, even stripper
production, or by waterflooding of deeper reservoirs and produce paraffinic based heavy crude oil.
Because heavy oil is more viscous than light oil, the mobility ratios will be adverse to water.
Operators waterflooding reservoirs with heavy oil are probably at a lower oil to water ratio than
those waterflooding light oils, and their operating costs would be higher per barrel of oil produced.
For the shallow heavy oil operator, their production per well is usually classified as stripper wells
(< 10 BOPD), and most are producing between 0.25 and 2 BOPD. Since the operators continue to
operate, these wells were deemed marginally economical. The volume of oil produced is small and
the recovery efficiency is probably less than 5%. The royalties and tax liabilities within the middle
United States are listed in Table 3.
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CONCLUSIONS

The Appalachian, Black Warrior, Illinois, and Michigan Basins are minor heavy oil
producing basins, and they do not seem destined to increase their role in supplying significant
heavy oil to the United States. Little of the heavy oil will be produced by TEOR. Thermal
methods to produce the low pour point paraffinic oil from reservoirs in these Basins are potentially
economic because paraffinic oil brings a premium price. Limitations to the development of low
pour point oils include the lack of knowledge of the extent of the resource and ownership by small
independent operators who do not have capital or experience in thermal oil recovery.
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TABLE 1. - Cost of drilling and completing thermal EOR wells (Maples, 1990-91)
NEW_ PRODUCING WELL COSTS

Well depth, ft Steam wells, . $ Injectors, §

0-250 37,000

251 - 750 73,000 30,000
751 - 1,250 89,000

1,251 - 1,750 121,000 60,000

1,751 - 2,250 160,000 100,000
2,251 - 2,750 200,000
2,751 - 3,250 240,000

TABLE 2. - Yearly thermal steam operating cost ranges within each field/well (Maples, 1990-91)

Eicld Cyclic steam, $ Steamflood, $
Cymric 20,000 27,500
Kemn River 20,000 27,000
Midway-Sunset 18,000 26,000

Steam generator maintenance costs/BTU barrel equivalent of oil burned, in $
Gas fired = 0,10 Qil fired = 0,20
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TABLE 3 - Comparisons of economic factors affecting oil production from middle U.S.

Kansas!  Oklahoma! Missouri2 Michigan3 Tlinois! Kentucky? Oh_io5, Pennsylvania6

Land owner royalty, % 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5

Land surface disruption, Site Site Site Site Site Site Site Site
specific specific  specific  specific  specific specific  specific specific

Direct state tax, % 7433 870  None 3Yes None 6.0 5.0 6.0
State Severance Production tax

Productivity 1. Variable  None None 6.6% . None 45  $0.1/bbl None

1.None

Vintage 2. New oil None Unknown Unknown None

& gas
Other 3. Tertiary  Secondary 50% for None None None
and tertiary EOR

Ad Valorem Tax 8Yes None  None Yes Yes 0.6-1 5-7 None
Corporate Income Tax 9Yes 8Yes  Yes Yes Yes 4.0-825 5.1-89 12.25
Corporate Franchise Tax ~ 10Yes Ilyes  None None Yes 1000021 None
Effective Average Tax Rate, 9.7 7.4  Variable Variable 1.3 Variable Variable 10.2

% on oil & gas production

Kansas Inc., Strategic Analysis of the Oil and Gas Industry in Kansas, Arthur D. Little, Inc., Cambridge, Mass., April
1990.

Personal communication with K. Deason, Missouri Dept. of Natural Resources, and S. Evers, Missouri Dept. of Revenue,
July 1991. ’

Personal communication with Michigan government agency December 1991. Dept. of Natural Resources, December,
1991.

Personal communication with M. Harrod, Kentucky Dept. of Mines and Minerals, Oil and Gas section, E. Minns and D.
Cheek, Kentucky Dept. of Revenue, December, 1991.

Personal communication with F. Nicely, Ohio Dept. of Natural Resources, Oil and Gas, and B. Fisher, Ohio Corporate
Income Tax Division, J. Hatcher, Ohio Taxpayer's services, December, 1991.

Personal communication with S. Klimkos and S. Peterson, Pennsylvania Dept. of Revenue, Decerber, 1991.
Gross lease revenue (N.B.- Does not discount transportation and marketing costs).
Gross lease revenue less marketing and transport costs.

Less than $25,000 at 2%, $25,000-$100,000 at 3%, $100,000-$300,000 at 4%, $300,000 and over at 5% on
corporate/individual oil/gas revenues.

An extraction tax is assessed at the rate of 6.5% for old wells and 4% for new wells.

Each state is attempting to mitigate declining oil production and declining revenues to the state and have or are
considering economic incentives for enhanced oil recovery.

Ad valorum tax levied on the economic value of each producing unit. Appraisal value calculated by applying present
worth factor to future revenue to derive a net worth for each lease.

Tax basis derived from apportioned revenue desived within state as determined by three factor formula that is equally
weighted. A two factor formula is available for qualifying companies. Rates are $0 - $25,000 at 4.5%, > $25,000 at
6.75%.

10 Of shareholder equity 0.1%, minimum of $20 and maximum of $2,500.
11 Of business and investment capital 0.125%, minimum of $10 and maximum of $20,000.
12 Separate accounting for oil and gas income on all taxable income.

w»n 0~ O W
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